Emerald Ash Borer Adult Feeding Behavior and Ash Tree Management Decision Modeling: Relationships Between Pest and Host Tolerance Gradients by Hunnicutt, Rachel E.
Indiana University – Purdue University Fort Wayne
Opus: Research & Creativity at IPFW
Masters' Theses Graduate Student Research
12-2013
Emerald Ash Borer Adult Feeding Behavior and
Ash Tree Management Decision Modeling:
Relationships Between Pest and Host Tolerance
Gradients
Rachel E. Hunnicutt
Indiana University - Purdue University Fort Wayne
Follow this and additional works at: http://opus.ipfw.edu/masters_theses
Part of the Biology Commons, Botany Commons, Entomology Commons, Forest Biology
Commons, Forest Management Commons, Other Animal Sciences Commons, Other Forestry and
Forest Sciences Commons, Other Life Sciences Commons, Other Plant Sciences Commons, Plant
Biology Commons, and the Zoology Commons
This Master's Research is brought to you for free and open access by the Graduate Student Research at Opus: Research & Creativity at IPFW. It has
been accepted for inclusion in Masters' Theses by an authorized administrator of Opus: Research & Creativity at IPFW. For more information, please
contact admin@lib.ipfw.edu.
Recommended Citation
Rachel E. Hunnicutt (2013). Emerald Ash Borer Adult Feeding Behavior and Ash Tree Management Decision Modeling:
Relationships Between Pest and Host Tolerance Gradients.
http://opus.ipfw.edu/masters_theses/34
Graduate School ETD Form 9 
(Revised 12/07)       
PURDUE UNIVERSITY 
GRADUATE SCHOOL 
Thesis/Dissertation Acceptance 
This is to certify that the thesis/dissertation prepared 
By  
Entitled
For the degree of   
Is approved by the final examining committee: 
       
                                              Chair 
       
       
       
To the best of my knowledge and as understood by the student in the Research Integrity and 
Copyright Disclaimer (Graduate School Form 20), this thesis/dissertation adheres to the provisions of 
Purdue University’s “Policy on Integrity in Research” and the use of copyrighted material.  
      
Approved by Major Professor(s): ____________________________________
                                                      ____________________________________ 
Approved by:   
     Head of the Graduate Program     Date 
Rachel E. Hunnicutt
Emerald Ash Borer Adult Feeding Behavior and Ash Tree Management Decision Modeling:
Relationships Between Pest and Host Tolerance Gradients
Master of Science
Jordan M. Marshall
William R. DeMott
Cigdem Z. Gurgur
Jordan M. Marshall
Frank V. Paladino 12/04/2013
 
 
 
 
 
EMERALD ASH BORER ADULT FEEDING BEHAVIOR AND ASH TREE MANAGEMENT 
DECISION MODELING: RELATIONSHIPS BETWEEN PEST AND HOST TOLERANCE 
GRADIENTS 
 
A Thesis 
Submitted to the Faculty 
of 
Purdue University 
by 
Rachel E. Hunnicutt 
 
In Partial Fulfillment of the  
Requirements for the Degree 
of 
Master of Science 
 
December 2013 
Purdue University 
Fort Wayne, Indiana 
 
ii 
 
 
ACKNOWLEDGMENTS 
 
 I would like to thank all of the people who have helped, supported, and 
encouraged me during the progression of my thesis. First of all, I would like to thank Dr 
Jordan Marshall for advising me and helping me with field work, lab work, and bringing 
the scientific method to life in the graduate work that I have done. I would like to thank 
my committee members Dr William DeMott and Dr Cigdem Gurgur for providing 
guidance and critical reviews during the writing of my thesis. I would like to thank Lori 
Morgan for helping me with field and lab work. I would also like to thank the Indiana 
University Purdue University Fort Wayne (IPFW) the Department of Biology for 
providing all of my knowledge so that I can be able to obtain my goals for a higher 
education. I would like to especially thank Dr Robert Gillespie for helping me reach my 
goals as an undergrad and helping me find my advisor for graduate studies, Dr Jordan 
Marshall. 
 I would like to thank Katie Hietala from Michigan Technological University for 
providing me information for ash tolerance gradients and Jon Lelito from USDA APHIS 
PPQ for providing live emerald ash borer adults for my feeding study, making my thesis 
more complete. 
iii 
 
 I would like to finally thank my family for believing in me and pushing me to 
strive for my goals. I would, especially, like to thank my husband for sticking, patiently, 
by my side and encouraging me to work on finishing my thesis. 
 I am truly honored to have all of these people available to help me achieve my 
goal for finishing my thesis, graduating, and boosting my prospects for finding my dream 
job. Thank you! 
Funding for the FEEDING PREFERENCE OF EMERALD ASH BORER ADULTS ON 
HOSTS WITH A TOLERANCE GRADIENT was provided partially by Indiana Academy of 
Science. Funding for the DEVELOPMENT AND INITIAL ASSESSMENT OF MUNICIPAL ASH 
MANAGEMENT DECISION MODELS was provided partially by the Tree Research and 
Education Endowment John Z. Duling Grant (13-JD-03). 
  
iv 
 
 
TABLE OF CONTENTS 
 
 Page 
 
LIST OF TABLES .................................................................................................................... vi 
 
LIST OF FIGURES ................................................................................................................. vii 
 
ABSTRACT ............................................................................................................................ ix 
 
INTRODUCTION ................................................................................................................... 1 
 
Invasive Species ............................................................................................................... 1 
Emerald Ash Borer........................................................................................................... 3 
Emerald Ash Borer Host Species ..................................................................................... 6 
Emerald Ash Borer Impacts ............................................................................................. 8 
Emerald Ash Borer Dispersal and Detection ................................................................. 10 
Emerald Ash Management ............................................................................................ 16 
 
FEEDING PREFERENCE OF EMERALD ASH BORER ADULTS ON HOSTS WITH A    
TOLERANCE GRADIENT .............................................................................................. 19 
 
Introduction................................................................................................................... 19 
Materials and Methods ................................................................................................. 21 
Results ........................................................................................................................... 23 
Discussion ...................................................................................................................... 24 
 
DEVELOPMENT AND INITIAL ASSESSMENT OF MUNICIPAL ASH MANAGEMENT   
DECISION MODELS ..................................................................................................... 34 
 
Introduction................................................................................................................... 34 
Methods ........................................................................................................................ 37 
Decision Model Development ................................................................................... 37 
Initial Decision Model Assessment ............................................................................ 39 
Results ........................................................................................................................... 40 
Decision Model Development ................................................................................... 40 
Decision Model Assessment ...................................................................................... 42 
v 
 
 Page 
 
Discussion ...................................................................................................................... 42 
 
CONCLUSIONS ................................................................................................................... 58 
 
LIST OF REFERENCES ......................................................................................................... 61 
 
  
vi 
 
 
LIST OF TABLES 
 
Table  Page 
 
1.1. Tree health criteria for categorizing level of tolerance of green ash to             
emerald ash borer attack (modified from Hietala et al. 2012) ................................. 27 
 
1.2. Mean tree DBH and crown assessment comparison between low and high     
tolerant ash. Mean DBH and percent dieback were measured. Tree vigor                 
(1= healthy tree and 5= half dead tree) and crown light exposure was a             
visually observed measurement ................................................................................ 27 
 
1.3. Tree counts with signs and symptoms of emerald ash borer attack compared 
between low and high tolerance ash ........................................................................ 27 
 
2.1. Vigor condition codes and criteria ............................................................................. 45 
 
2.2. Crown light exposure codes and criteria ................................................................... 45 
 
2.3. Crown position in surrounding canopy codes and criteria. ....................................... 46 
 
2.4. Percent and count of trees > and ≤ threshold bark roughness, threshold              
vigor, and threshold dieback values for Huron‐Clinton Metroparks (2009) ............. 47 
 
2.5. Percent and count of trees with and without signs of emerald ash borer     
infestation for Huron‐Clinton Metroparks (2009) ..................................................... 47 
 
2.6. Chi‐squared test for independence of emerald ash borer signs/symptoms           
(bark splits, exit holes, wood pecker activity) and crown health assessment     
variables (bark roughness, dieback, vigor) and tree mortality the following      
growing season for ash in Huron‐Clinton Metroparks. Chi‐squared value      
presented above P‐value. Shaded boxes indicate significant chi‐squared test ........ 48 
 
2.7. Akaike information criterion (AIC) values of the six models tested with           
assessed trees from Fort Wayne parks, including successful prediction rates            
for live and dead trees ............................................................................................... 49 
vii 
 
 
LIST OF FIGURES 
 
Figure  Page 
 
1.1. Mean body mass of sexes within pair treatments. Asterisks (*) indicate       
significant differences between the comparisons of the different mating pairs. ..... 28 
 
1.2. Mean body mass of female and male emerald ash borer adults .............................. 29 
 
1.3. Correlation of total leaf area consumed compared with emerald ash borer            
pair mass .................................................................................................................... 30 
 
1.4. Selection coefficient of the amount high tolerant leaf area consumed over           
total amount of leaf area consumed compared with emerald ash borer adult    
feeding pairs. (1= exclusive feeding on high tolerance leaves, 0= exclusive        
feeding on low tolerance leaves, 0.5= equal feeding). .............................................. 31 
 
1.5. Mean leaf area consumed per day pooled across adult emerald ash borer            
pairs ........................................................................................................................... 32 
 
1.6. Percent of total leaf area consumed for adult emerald ash borer                                
(A) F:F pairs, (B) F:M pairs, (C) M:M pairs, and (D) pooled across pairs. ................... 33 
 
2.1. Bark roughness categories for green and white ash (modified from                  
Marshall et al. 2013b) ................................................................................................ 50 
 
2.2. Decision model A following path                                                                                      
bark splits > wood pecker activity > dieback > vigor ................................................. 51 
 
2.3. Decision model B following path                                                                                 
dieback > wood pecker activity > bark splits > vigor ................................................. 52 
 
2.4. Decision Model C following path                                                                                    
wood pecker activity > dieback > vigor > bark splits ................................................. 53 
 
2.5. Decision model D following path vigor > bark splits > dieback ................................. 54 
viii 
 
Figure Page 
 
2.6. Decision model E following path dieback > vigor ...................................................... 55 
 
2.7. Decision model F following path vigor > dieback ...................................................... 56 
 
2.8. Decision model G following path                                                                                       
bark splits > vigor > wood pecker activity > dieback ................................................. 57 
 
  
ix 
 
 
ABSTRACT 
 
 
Hunnicutt, Rachel E. M.S., Purdue University, December 2013. Emerald Ash Borer Adult 
Feeding Behavior and Ash Tree Management Decision Modeling: Relationships Between 
Pest and Host Tolerance Gradients. Major Professor: Jordan M. Marshall.  
 
 
 
Emerald ash borer (Agrilus planipennis Fairmaire, Buprestidae) is an invasive 
pest, introduced from Asia that attacks North American ash trees (Fraxinus spp.). Trees 
often die from attack by emerald ash borer, whether they are growing vigorously or not, 
within a few years. Some ash do not succumb as easily to attack as other individuals, 
despite being within the same species. After emergence, both adult emerald ash borer 
males and females require maturation feeding, which may assist in suitable host finding 
for subsequent oviposition. I compared the amount of leaf area consumed by emerald 
ash borer adults between leaves from trees identified as low tolerant and high tolerant 
to attack. Freshly collected green ash (F. pennsylvanica) leaves were exposed to caged 
adult pairs (F:F, F:M, and M:M). There was no significant difference of leaf area fed on 
compared between the three categories of feeding pairs. However, when the data were 
pooled, significantly more low tolerant leaf area was consumed over high tolerant. This 
result suggests that emerald ash borer adults feed preferentially on low tolerant leaves.  
x 
 
Street and park ash tree decline and eventual mortality is a result of high density 
emerald ash borer infestation and results in costs associated with removing hazards. 
Since no emerald ash borer control techniques are effective, managing trees as they 
decline is necessary. I developed seven management decision models to predict survival 
of trees within Huron-Clinton Metroparks in Metro-Detroit beyond 3 years based on 
assessed signs and symptoms of emerald ash borer attack. Initial success of model 
predictability was then assessed using tree data from Fort Wayne City Parks.  Simplified 
models using vigor and dieback were able to predict mortality/survival approximately 
54% of the time. Of the unsuccessful predictions, over 90% were in cases of predicted 
survival, but mortality occurred in reality. This failure in predictability success suggests 
other tree characteristics are likely more important than the chosen signs and 
symptoms of emerald ash borer attack in determining survival and mortality (i.e. growth 
characteristics and signs and symptoms that were not used).  
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INTRODUCTION 
 
Invasive Species 
Since human activity has advanced over physical barriers of water and land, 
these activities have helped facilitate the dispersal of animals and plants into new places 
(Lockwood et al., 2007). This facilitation gives these plants and animals an opportunity 
to establish in this new habitat, but they must overcome hurdles that involve 
demographic and environmental stochasticity, as well as allee effects (Mercader et al., 
2009). Establishment also can be a hurdle if the native species tend to be resistant to 
the invaders (Lockwood et al., 2007). If the invader is successful with establishment, it 
could spread and negatively impact the native species and ecosystem. Invasive species 
can predate, compete, and hybridize with the native species living in the habitat, 
reducing population densities and distributions of native species leading to potential 
extirpation. The number of exotic species that are introduced and established in North 
America is predicted to continue increasing concurrently with international trade 
(Gandhi and Herms, 2010). 
  One species that has demonstrated effective dispersal and impact on native 
species following introduction is hemlock woolly adelgid (Adelges tsugae Annand, 
Hemiptera: Adelgidae). Hemlock woolly adelgid was introduced into the United States 
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from Japan during the 1950’s (McClure, 1987). They feed on hemlock trees (Tsuga 
canadensis (L.) Carrière and Tsuga caroliniana Engelm., Pinaceae) by piercing and 
sucking on the ray parenchyma cells causing decline in needle and bud growth on the 
branches, which leads to decline in the entire tree and mortality within 4 years. Hemlock 
woolly adelgid spreads fast due to a two generation per year life cycle and can quickly 
disperse by wind, animal, and human disturbance (i.e. logging) (McClure, 1989; McClure, 
1990). Hemlocks lack resistance to the pest and there are no effective predators that 
feed on hemlock woolly adelgid. Hemlock woolly adelgid also travels up to 30km/yr and 
if it is not stopped the 800,000 ha hemlock of hemlock forest in New England may die 
out and it will have a large impact ecologically and economically (Orwig et al., 2010). 
Hemlock trees are long lived shade tolerant trees that can be in mixed or monospecific 
stands that provide shade and pine needles that create a microclimate that is cool and 
contains very little plant life along with a stable forest composition (Rogers, 1980). The 
trees also add structural diversity and create cover for wildlife (DeGraaf et al., 1992). 
The hemlock trees are also sensitive to disturbance and tend to grow in places that do 
not have much disturbance activity present (Foster and Zebryk, 1993; Abrams and 
Orwig, 1996). With the hemlock trees gone, the habitat will change drastically including 
the animal and plant species (Orwig and Foster, 1998). This will be due to the change in 
available plant life due to change in the seed bank, pioneer plant species, introduction 
of exotic species, herbivore pressure soil composition and competition between plant 
species. 
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 Asian longhorned beetle (Anoplophora glabripennis (Motschulsky) Coleoptera: 
Cerambycidae) is another tree pest introduced to the United States in 1996 from Asia 
(Haak et al., 1997). While this beetle has a broad host selection with adults feeding on 
twigs and leaves of the host and larvae feed under the bark and eventually into the 
xylem of tree, there have been limitations to natural dispersal (Haak et al., 1997; Becker, 
2000). The larvae cause the most damage by altering flow of water and nutrients in the 
tree and also at the same time, making the tree structurally unstable (Haak et al., 1997). 
Within four years of continuous attack, the tree will die (Nowak et al., 2001). Beetles can 
fly up to about 1 km to a new host plant, but human activity can quickly facilitate the 
process. With such a large host preference, Asian longhorned beetles can cause 
destruction of many trees creating stands with less genetic diversity leaving them 
vulnerable to disease and non-native species and would also change the habitat for 
plants and animals. The cost of removal and replacement of the trees will be high if 
Asian longhorned beetle is not eradicated (Poland, et al., 2006). 
 
Emerald Ash Borer 
Emerald ash borer (Agrilus planipennis Fairmaire [Coleoptera: Buprestidae]) is a 
small, metallic, wood-boring beetle that originates from Asia (Chamorro et al., 2012). 
When emerald ash borer was transported from Asia to North America, it began 
attacking ash (Fraxinus spp.) trees as suitable hosts for larval development (Kovacs et 
al., 2010). Manchurian ash (F. mandshurica Rupr.) is the native host for emerald ash 
borer, where it is a secondary herbivore (i.e. secondary stressor after a primary stressor 
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knocks down the trees defenses and allows emerald ash borer to successfully feed, 
grow, and reproduce) (Rebek et al., 2008). Manchurian ash has coevolved with emerald 
ash borer and has physical and chemical defenses against the beetles that limit the 
abundance of emerald ash borer adults (MacFarlane and Meyer, 2005; Rebek et al., 
2008). However, if the tree is weakened by a primary stressor, then emerald ash borer 
larval feeding can lead to mortality (Rebek et al., 2008). In North America, emerald ash 
borer successfully attacks all species of ash, healthy or stressed, resulting in widespread 
ash mortality and proliferation for emerald ash borer populations. Native species of ash 
in North America lack natural resistance to emerald ash borer, which makes all North 
American ash species susceptible (Scarr et al., 2002). Emerald ash borer has been known 
to attack other tree species in Asia, but in North America emerald ash borer is only 
successful on Fraxnius (spp.) (Anulewicz et al., 2006). Ash mortality in Michigan, as a 
result of emerald ash borer attack, ranges from 23 million trees in natural forests to 850 
million trees in natural and urban forests (Poland and McCullough, 2006; Marshall et al. 
2013b).  
Emerald ash borer life cycle typically takes 1 year to complete (Kovacs et al., 
2010). Adult beetles begin to emerge in mid-May after 230-260 accumulated growing 
degree days base 10 (GDD10), with peak emergence occurring after 450 GDD10 and begin 
to feed on ash foliage (Poland, 2007). After 5-7 days of maturation feeding, the beetles 
mate and female beetles continue to feed for an additional 5-7 days before oviposition, 
which typically occurs in bark cracks and crevices (Bauer et al., 2003; Poland, 2007). 
Before mating occurs, adult emerald ash borer males actively look for sedentary females 
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on ash foliage (Pureswaran and Poland, 2009). Olfactory cues given off by the damaged 
host could possibly directly or indirectly help males track females (Lelito et al., 2009). 
Male emerald ash borers use a visual approach to find females before copulation (Lelito 
et al., 2007). When a male finds a female, he rapidly and accurately descends down onto 
the female’s back. This behavior is deemed “paratrooper copulation.” Before 
copulation, the females emit volatiles that males use to find them and begin successful 
copulation (Pureswaran and Poland, 2009). After landing on a female’s back she releases 
a contact cue, which promotes the male to copulate with the female (Lelito et al., 2007). 
The contact pheromone is a determining factor of how long the male beetle will 
copulate with the female (Lelito et al., 2007, 2009). If it is absent, copulation will be 
terminated prematurely. Lelito et al. (2009) found that 3-methyltricosane was present 
on cuticles of mature females and traces are found on immature females and mature 
males, but this chemical influences copulation.  
Female beetles can lay 50-90 eggs in their life time, depending on body size and 
food quality (Poland, 2007; Marshall et al., 2013a). After two weeks, the eggs hatch and 
larvae tunnel through the bark and begin to feed on the phloem and cambium of the 
tree creating snake–like, meandering galleries, which become packed with frass (Bauer 
et al., 2003; Poland, 2007). Ash mortality is caused by high density larval feeding on 
phloem after 1-3 years. In approximately October or November, larvae have completed 
four instars, stop feeding, and construct a pupal chamber in the sapwood for 
overwintering as larvae.  
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Emerald ash borer individuals that have a two year life-cycle follow a pattern 
similar to the one year life-cycle, but at the end of the first year, larvae overwinter as 
early instars in the phloem and return to feeding in the spring of the second year (Wei 
et al., 2007). At the end of the second year, larvae produce a pupal chamber similar to 
the one year life-cycle for a second winter. Larvae pupate in the spring, during mid-April, 
and emerge in mid-May as adults (Bauer et al., 2003; Poland, 2007). One year life-cycle 
is typical for emerald ash borer, however, in northern regions a two year life-cycle 
becomes more common (Wei et al., 2007).  
 
Emerald Ash Borer Host Species 
Ash trees (Fraxinus spp.) make important contributions to defining several forest 
types in North America (Eyre, 1980). They are a rapidly growing shade tolerant trees 
that colonize gaps in forests and old fields (BenDor et al., 2006). Ash has been a valuable 
resource for aesthetic beauty, wood products, genetic diversity, and wildlife (Poland and 
McCullough, 2006). Several species of ash have been used as an urban street tree and 
are usually genetically similar as a result of cultivars and varieties (i.e. “Marshall 
seedless”) (MacFarlane and Meyer, 2005). Before the current state of emerald ash borer 
distribution, ash comprised 15-20% of street trees in Michigan and Chicago alone 
(BenDor et al., 2006).  
Black ash (F. nigra Marsh.) is successful in organic peat and mucks, but also in 
fine sand, clay, and loam substrates that have poor drainage (MacFarlane and Meyer, 
2005; BenDor et al., 2006). Green ash (F. pennsylvanica Marsh.) is a flood tolerant 
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species that is commonly found in bottomland sites and is also one of the most common 
ash in the United States. It can also survive in dry conditions as well as wet (MacFarlane 
and Meyer, 2005). White Ash (F. americana L.) is more of an upland species and is 
drought sensitive. White ash is found throughout the upper Midwest and it is a 
dominant deciduous tree (BenDor et al., 2006). Carolina ash (F. caroliniana Mill.) and 
Pumpkin ash (F. profunda [Bush] Bush) are found in wet bottom land sites (MacFarlane 
and Meyer, 2005). Oregon ash (F. latifolia Benth.) is found on bottom and upland sites. 
Blue ash (F. quadrangulata Michx.) is found on dry limestone substrate on upland sites 
and it is tolerant of high pH and drought. Velvet ash (F. velutina Torr.) is found in dry 
arid sites within washes, stream banks, canyons, and desert woodlands. Single leaf (F. 
anomala Torr. ex S. Watson) ash is found in dry canyons and foothills in desert 
woodlands. Of these nine North American ash species, black, green, and white ash are 
the most common within the introduced range of emerald ash borer. 
 Elm species (Ulmus americana L. and U. rubra Muhl.) were historically used as 
the dominant street tree due to their hardiness, tolerance of different moisture and soil 
ranges, and fast growth until Dutch elm disease was introduced and decimated millions 
of trees, leaving streets bare (Raupp et al., 2006).  Despite the need for diversified 
population of urban trees, it is difficult to find trees that can tolerate and survive 
stressful conditions of compacted soil with differing levels of acidity and water levels 
that vary greatly from year to year in the urban ecosystem. Due to similar abilities to 
tolerate stressful conditions like various elm species, ash became the dominant street 
tree, especially green ash due to its tolerance of a broad range of stressful conditions 
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(i.e. compacted soil, salinity, drought, alkalinity, and flooding) (MacFarlane and Meyer, 
2005). Both elm and ash tend to be bottom land tree species, which can tolerate poorly 
drained and compact soils (Burns and Honkala, 1990). Replacement of elm species with 
ash due to this ability to live in an urban environment has lead to proliferation of 
emerald ash borer populations in urban forests (Poland and McCullough, 2006).  
 
Emerald Ash Borer Impacts 
Urban and natural forests are being impacted economically with infestation by 
emerald ash borer resulting in the death of many North American ash trees (Poland and 
McCullough, 2006). USDA Forest Service FIA had estimated that about $1.7 billion in 
stumpage value will be lost from the ash wood resources that could have been used for 
wood products. Six species of ash: black, blue, green, Oregon, pumpkin, and, white are 
important for wood products in the US such as baseball bats, tool handles, furniture, 
crates, and paper products (Stewart and Krajicek, 1973). Timberlands in the United 
States are threatened by emerald ash borer at an estimated cost of $300 billion 
(Muirhead et al., 2006). As mentioned in the above paragraph, ash has also been an 
important tree for urban and suburban areas and has been used as street trees since 
the 1940’s (Poland and McCullough, 2006). Data from eight US cities indicated that 14% 
of leaf area present was ash foliage and their value was estimated at approximately 
$565 million. In Michigan 12% of the total leaf area was from ash tree cultivars. Western 
and northern central states also have planted ash trees in widely spread out areas. Ash 
used as landscape trees helped increase property values, while providing cooling shade, 
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and improving quality of life in the neighborhood (Herms et al., 2009). Loss of landscape 
ash has resulted in increase of storm water runoff, reduced wildlife habitat and lower 
aesthetic quality (Sydnor et al., 2007). Many people are sentimental about their ash 
trees and have tried to save them (Herms et al., 2009). Dying or dead tree can become a 
threat when branches weaken and could fall from the tree and cause property damage 
or personal injury (Sydnor et al., 2007). The potential economic loss of ash trees across 
the US is $20-$60 billion and that is without replacement of ash trees (Poland and 
McCullough, 2006). 
 Forest ecology is also impacted when emerald ash borer kills ash trees. Ash trees 
are important for wildlife cover, food, and protection (Poland and McCullough, 2006). 
Forty-three native arthropod species in six taxonomic groups (Arachnida, Acari; 
Hexapoda: Coleoptera, Diptera, Hemiptera, Hymenoptera, and Lepidoptera) may face a 
high risk of endangerment due to a decline in ash that was used for feeding and 
breeding (Gandhi and Herms, 2010). Ash has a wide geographical distribution and is a 
very important component of many different forest types that are present in the United 
States with ash species present in the lower tier Canadian provinces and all USA states 
except Alaska (Flower et al., 2013). As stated above, different species of ash grow in 
different environments; black ash grows mostly in poorly drained, swampy areas, green 
ash grows in more lowland wet soils and are dominant trees in a mixed forest type and 
are widely abundant, and white ash grows in more upland areas in mixed forest types 
and are not as abundant (Eyre, 1980; Poland and McCullough, 2006). Emerald ash borer 
have threatened all North American ash species and if these are locally or regionally 
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extirpated, this will leave forests vulnerable for invasion by other species due to 
decreased structural and genetic diversity within the forest community (Groom et al., 
2006). The lower 48 states have approximately 8.7 billion ash trees, which represent 
approximately 2.5% of above ground forest carbon (Flower et al., 2013). With wide 
spread ash mortality, this would affect the ecosystem fluxes and biogeochemical cycling. 
Destruction by emerald ash borer is reducing productivity in the forest habitat and 
destroying carbon sinks, releasing more carbon into the atmosphere. Ash mortality 
would also affect the aesthetic value of the forest (Groom et al., 2006). Loss of green 
and black ash in low land areas could alter hydrology in a way that it would provide 
fewer opportunities for ash or other essential wetland species to come back from seed 
banks after emerald ash borer attacks (Kashian and Witter, 2011). Other plants in seed 
banks tend to grow faster before ash seedlings can regenerate thus changing the 
landscape (Palik et al., 2012; Flower et al., 2013). This is due to increased availability of 
light, water, and nutrients that are available until canopy closure (Flower et al., 2013). 
Usually in forests that previous contained live ash, maples (Acer spp.) and elms (Ulmus 
spp.) have had the greatest growth rates. 
 
Emerald Ash Borer Dispersal and Detection 
 Emerald ash borer spread occurs by stratified diffusion through human and 
natural mechanisms, but humans tend to participate in most of the dispersal activity 
(Murihead et al., 2006). Emerald ash borer develop inside the tree during larval and 
pupal stages (De Groot et al., 2008). When the tree is cut, emerald ash borer can still be 
11 
 
present in the bark or wood for 1-2 years. Rates of emerald ash borer spread depend on 
how ash species are distributed and how human activity can accelerate the spread 
(Iverson et al., 2010; Buck and Marshall, 2008). Iverson et al. (2010) demonstrated with 
two computer based models how far and how fast emerald ash borer can spread. Based 
on the models, emerald ash borer spread at about 20 km per year, but it is spreading 
much faster due to human activity that accelerates their dispersal (Iverson et al., 2010). 
If dispersal was dependent on emerald ash borer only, the infestation would not be on 
such a large scale (Murihead et al., 2006). Gravid females do the most traveling with a 
mode of 0.8 km in twenty-four hours and only one percent of emerald ash borer adults 
travel farther than 4 km. If satellite populations establish, they rapidly increase the 
overall rate of spread. There are large ash resources in forests that makeup the Eastern 
United States especially in the northern areas of the region (Iverson et al., 2010). 
Marshall et al. (2013a) illustrated the influence of regional climate on emerald ash borer 
female body size and the influence of body size on egg production. Increases in the 
number of eggs produced by females in southern latitudes will play a dramatic role in 
future population growth and dispersal (Marshall et al., 2013a). 
Since more emerald ash borer outlier populations are being found, control 
methods have been implemented to impede further population growth (Poland, 2007). 
Eradication cuts are meant to decrease the amount of host phloem that is available to 
emerald ash borer (Mercader et al., 2011). While these eradication cuts have been 
attempted, they have had little to no success to stop or slow down emerald ash borer 
destruction (Poland, 2007; Poland and McCullough, 2006). Emerald ash borer tends to 
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still increase in population size despite the decrease in the amount of available host tree 
phloem (Mercader et al., 2011). Eradication efforts in Michigan, Ohio, and Indiana, have 
failed to contain the beetle infestation (Poland, 2007).  Emerald ash borer populations 
have continued to spread regardless of eradication efforts. Land owners that had ash 
trees infested with emerald ash borer were urged to remove the effected trees and 
wood litter, plant different species of trees, apply insecticides, and favor the use of ash 
wood products (Purdue University, 2009). Quarantines were mandated as soon as 
emerald ash borer was found, but infected firewood and nursery trees were already 
sent to other states creating satellite populations (BenDor et al., 2006). Different 
eradication efforts have been exercised so that not all ash trees have to be destroyed 
especially since outlier populations outside the effected zone have been found (Poland, 
2007). 
 Surveying trees on the ground is difficult since many of the symptoms of emerald 
ash borer attack first appear in the top canopy portions of trees (Poland and 
McCullough, 2006). Adults feed on the leaves on the top of the tree, putting them closer 
to the branches, and would lay their eggs at the top of the tree rather than at the trunk 
in order to conserve energy. This crown-down behavior causes delays in emerald ash 
borer detection and has placed the focus on trapping tools and techniques. Trees tend 
not have tell tale symptoms within the first year of infestation (BenDor et al., 2006). 
Many different techniques have been used to trap emerald ash borer for this very 
reason (Poland and McCullough, 2006; Marshall et al., 2009, 2010). Remote sensing of 
the canopy may be able to detect early signs and symptoms of emerald ash borer that 
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are not visible to the human eye (Pontius et al., 2008). Stressed plants tend to have a 
breakdown of chlorophyll which changes the fluorescence of the chlorophyll. This can 
be measured a 6-term linear regression equation with the known indices of stress and 
chlorophyll. Trap trees have been used to capture emerald ash borer larvae and pupa in 
order to measure a lower population density (Mercader et al., 2011). Trap trees are ash 
that have been girdled in order to attract and detect emerald ash borer at low 
population densities, but this approach is expensive, labor intensive, and destructive to 
the forest environment (Mercader et al., 2009). Trap trees also do not work well when 
population densities of emerald ash borer are high (Mercader et al., 2011). Emerald ash 
borer adults are attracted to olfactory cues from ash tree volatiles as well as colors and 
other visual stimuli (Poland and McCullough, 2006; Marshall et al., 2009, 2010). 
Research on this area of emerald ash borer behavior is being done to better lure and 
trap.  Francese et al. (2008) found that traps placed at the edge of a forested area catch 
more emerald ash borer than the traps are placed within the forested area. Traps that 
are placed in the mid crown of the tree caught more beetles than if the traps set closer 
to the ground (Francese et al., 2008). Trees and crowns that are fully exposed to 
sunlight are more attractive than trees that are growing in a densely shaded forest 
(McCullough et al., 2009). Crook et al. (2009) examined retinal sensitivity of emerald ash 
borer with an electroretinogram that measured the dark-adapted compound of the eye 
across the visual color spectrum. Females were sensitive to red wavelengths while males 
were not (Crook et al., 2009). These results suggested that these colors: red, light and 
dark green (i.e. emerald ash borer elytra and body), and light and dark purple (color 
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used by USDA-APHIS-PPQ-EAB National Survey) would be used in traps capture more 
emerald ash borers. Light green traps caught the most emerald ash borer up high in the 
tree, but on the ground there were no significant differences across all colors. Prism 
traps are most inexpensive trap to use in the field and purple tends to be the most 
attractive color (Francese et al., 2008).  
 Since emerald ash borer are herbivorous insects, they need to locate their host 
within a forest that contains many non-host species in order to feed, mate, and find 
ovipositional sites (Rodriguez-Saona et al., 2006). Emerald ash borer accomplish this feat 
by using plant volatiles that are produced when the host is stressed. These plant 
volatiles play a role in attracting emerald ash borer, using these volatiles to build 
effective traps for surveying purposes in order to detect new emerald ash borer 
populations (Crook et al., 2008). The use of plant volatiles as an aggregate may be due 
to emerald ash borer not having a long range sex pheromone to attract mates to the 
suitable hosts (Rodriguez-Saona et al., 2006). Additionally, Rodriguez-Saona et al. (2006) 
found that the foliage that was consumed by emerald ash borer had caused the plant to 
increase volatile emissions compared to foliage that was mechanically damaged. The 
affected plant had more pronounced volatile emissions during the day time when 
emerald ash borer feeding activity is at its highest. (Z)-3-hexen-1-ol elicited the largest 
response by the beetles compared to any of the other volatiles while (E)-2-hexenal, (Z)-2 
and (Z)-3-methyl-butylaldoxime, (E)-2 and (E)-3-methyl-butylaldoxime, and (Z)-3-hexen-
1-yl acetate also elicited strong responses.  
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Plant volatiles from stressed plants may help mated females fly longer distances 
to find a suitable host to oviposition on and for virgin females or males to find a suitable 
host to feed and mate on, but males seem to be more sensitive to female compounds or 
behavior since they did not do as well when it came to finding plants in the olfactometer 
during a study by Rodriguez-Saona et al. (2006). Crook et al. (2008) performed a study 
where volatiles were collected from bark before the trees were stressed and later when 
the trees were later manually girdled and was tested by electroretinogram to see what 
elicited antennal responses from emerald ash borers. Non stressed trees did not release 
compounds that elicited antennal responses, but those same trees produced 
sesquiterpene hydrocarbons within twenty four hours of being girdled (Crook et al., 
2008). 7-epi-sesquithujene elicited the largest antennal response from both sexes of 
adult beetles. Other compounds that elicited consistent responses were α-cubebene, α-
copaene, trans-β-caryophyllene, α-humulene, and an unidentified sixth compound. 
Manuka oil and Phoebe oil were used to mimic the ash tree volatiles. Manuka oil is an 
extract from an endangered tree in Australia and Phoebe oil comes is an extract from a 
Brazilian Walnut tree and these are used in aroma therapy, which makes them 
assessable and easy to use (Press release, 2012).  Manuka oil had all the above 
compounds except for 7-epi-sesquithujene and the sixth unidentified compound while 
Phoebe oil had about the same composition as Manuka oil, but it also had 7-epi-
sesquithujene and the sixth unidentified compound (Crook et al., 2008). Manuka and 
Phoebe oil were tested in the field to see which oil had attracted the most emerald ash 
borer adults. The lures with Phoebe oil caught the most beetles due to the presence of 
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7-epi-sesquithujene and an unidentified compound in the oil. Phoebe is an important 
tool for attracting emerald ash borer adults to stressed trees and could further improve 
trap catch. This attraction to these volatiles is important for emerald ash borer since 
stressed trees are ideal hosts for quick larval growth and development due to lack in 
defenses. Males and females use the volatiles of the stressed trees to find each other in 
order to mate and for ovipositon sites. 
 
Emerald Ash Management 
Control strategies for emerald ash borer include parasitoid releases and chemical 
applications. Hymenopteran are highly effective parasitoids of the wood boring beetles 
(Taylor et al., 2012). They usually attack eggs or larvae and their feeding on the larvae or 
eggs prevent the beetles from reaching the next stage of development. Spathius agrili 
Yang (Hymenoptera: Braconidae) is a braconid wasp that has high specificity for emerald 
ash borer especially since it is attracted to the ash volatiles from damaged foliage (Yang 
et al., 2008). Atanycolus simplex has been observed to attack emerald ash borer, the 
twolined chestnut borer (Agrilus bilineatus (Weber) Coleoptera: Buprestidae), and other 
Buprestid species (Coleman and Seybold, 2011). It has a broad host range, which makes 
it not as efficient as other Hymenopteran species that target specific invasive species 
(i.e. Calosota elongata has a high specificity for goldspotted oak borer (Agrilus coxalis 
Waterhouse Coleoptera: Buprestidae)).  
Systemic insecticides are affective for several Agrilus species and using them 
during the spring is the best prevention method (U.S. Dept. of Agriculture and Forest 
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Service, 2008). Systemic insecticides are effective at limiting emerald ash borer spread 
and decreasing their population density (Mercader et al., 2011). One insecticide 
effective against emerald ash borer is Imidacloprid and it can be injected in to the soil, 
tree trunk, or drenched at base of the tree (U.S. Dept. of Agriculture and Forest Service, 
2008). Another way to prevent Agrilus attack is to topically spray the tree with 
insecticides on the main stem, branches, and the foliage once during the spring and a 
second time during the summer. Using both types of systemic insecticides as a 
preventive strategy will better protect trees from attack. Systemic insecticides are best 
used for urban landscapes where single trees can be targeted rather than forested areas 
due to pollution issues (Mercader et al., 2011). Limiting the spread of emerald ash borer 
by treating ash wood products is another way to control emerald ash borer (Nzokou et 
al., 2008). Wood products that have been treated with chemicals are effective at 
eliminating the risk of spreading emerald ash borer, but the chemicals can be unsafe for 
the environment and for human health. Nzokou et al. (2008) found that kiln treating ash 
logs, for thirty minutes at sixty five degrees Celsius, provided even heating and no 
beetles emerged from the logs. McCullough et al. (2007) found that reducing wood from 
cut ash into small pieces may be an effective way to reduce chances of emerald ash 
borer traveling in wood products. Chipping wood in a wood chipper is best for 
consistent cut and smaller pieces that emerald ash borer cannot survive in (McCullough 
et al., 2007). If the wood is heated up to 60 °C for 120 minutes, then no emerald ash 
borer survive and the wood is safe to transport. This temperature is five degrees higher 
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than the standards set for wood packing material and when tested at that temperature 
approximately 15% of emerald ash borer survived.  
 There appears to be variability, within species, in the rate of ash mortality due to 
emerald ash borer attack (Marshall et al., 2013b). Some trees have signs and symptoms 
of emerald ash borer attack, but lack the high canopy dieback that accompanies 
prolonged attacks. It is likely that attacks on these healthy looking trees were less 
intense and had a lower density of larva resulting in the trees healing wounds and 
reconnecting damaged phloem. Despite low density attacks, a tree may succumb to 
repeated attacks over time, but each tree has a threshold in the number and intensity of 
attacks that it can take before it will succumb to larval damage and die. Including, trees 
with rough bark, shape and structure of the crevices maybe important factors that play 
an important role in providing places for emerald ash borer to successfully ovipostion.  
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FEEDING PREFERENCE OF EMERALD ASH BORER ADULTS ON HOSTS WITH A TOLERANCE 
GRADIENT 
 
Introduction 
Emerald ash borer (Agrilus planipennis Fairmaire [Coleoptera: Buprestidae]) is a 
small, metallic, wood-boring beetle native to Asia (Chamorro et al., 2012). It was first 
found in Michigan, USA and Ontario, Canada in 2002 (Siegert et al., 2007). It feeds 
successfully only on ash species (Fraxinus spp.) and since its introduction, emerald ash 
borer has caused significant mortality of ash (Anulewicz et al., 2006; Rebek et al., 2008). 
A one year life-cycle is typical for emerald ash borer, however, in northern regions a two 
year life-cycle becomes more common (Wei et al., 2007). Two weeks after oviposition, 
the eggs hatch and the larvae begin to feed on the phloem and cambium of the tree 
creating snake–like, meandering galleries, which are packed with frass (Poland, 2007). 
High density of emerald ash borer larvae feeding on phloem results in tree mortality 
within 1-3 years. Other Agrilus species larva feed in the same manner as emerald ash 
borer, such as the twolined chestnut borer (Agrilus bilineatus (Weber)), bronze birch 
borer (Agrilus anxius Gory), and goldspotted oak borer (Agrilus coxalis Waterhouse) 
where the larvae create meandering galleries, which is the most destructive stage in 
their life cycle ((U.S. Dept. of Agriculture and Forest Service, 2008; U.S. Dept. of 
Agriculture Forest Service, 2006; Dunn et al., 1986b). In approximately October or 
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November emerald ash borer larvae stop feeding and construct a pupal chamber in the 
sapwood for overwintering. Emerald ash borer pupate during mid-April and adults begin 
to emerge in mid-May after 230-260 growing degree days base 10 (GDD10), with peak 
emergence occurring after 450 GDD10 (USDA APHIS PPQ, 2013). Immediately after 
emergence, adults begin to feed on ash tree foliage (Bauer et al., 2003). After 5-7 days 
of maturation feeding, the beetles mate and female beetles continue to feed for an 
additional 5-7 days before oviposition, which typically occurs in bark cracks and crevices 
(Bauer et al., 2003; Poland, 2007). Identification of a suitable, susceptible host may 
occur during the early stages of feeding maturation especially since emerald ash borer 
adults spend most of their time in the canopy of the trees (Bauer et al., 2003).  
Emerald ash borer have a preference for ash species and it is usually in the order 
of white, green, black, and blue (Marshall et al., 2009). This ranking of species 
preference is likely due to the deepness of furrows within the tree bark. White ash has 
the deepest furrows while the green has shallower ones and black ash almost has 
smooth bark and blue has the smoothest bark. Trees with the deepest furrows are ideal 
for protecting eggs from the elements after oviposition. Trees with the largest diameter 
at breast height (DBH) tend to be attacked first and succumb to mortality quicker after 
attack since there is more phloem available for the beetle larvae to feed on.  
Millions of ash have been attacked and have succumbed to emerald ash borer 
feeding damage, but some trees appear healthy with vigorous growth and little crown 
dieback, despite having signs and symptoms of heavy attack (Marshall et al., 2013b). 
This may be related to defense mechanisms that the tree uses to slow down or survive 
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attack. Phenotypic expression of bark roughness may be one mechanism for survival 
and attack prevention that may influence emerald ash borer oviposition behavior. There 
may also be a possibility that there is a feeding preference for certain trees during 
maturation feeding assisting adults in identification of suitable hosts. The objectives of 
this study were to 1) identify emerald ash borer feeding preferences on ash foliage 
between tolerant and susceptible trees, 2) quantify differences in male and female 
feeding preferences, and 3) test the hypothesis that tolerant ash trees receive less foliar 
feeding than compared to susceptible trees. 
 
Materials and Methods 
Green ash (F. pennsylvanica) individuals were selected on the Indiana University-
Purdue University Fort Wayne campus and DBH was measured. Trees were chosen 
based on whether they looked healthy or not.  Trees that had thinning crowns along 
with yellowing leaves were considered not healthy and ones with a full, green, lush 
crown were healthy trees. Three of each were chosen and later assessed to help defined 
decisions. Tree health was assessed and included percent dieback measurement (5-
100%), categorical vigor ratings (1-6, with 1 = high vigor and health, 6 = standing dead 
tree (helps define health parameters)), crown light exposure (number of sides in full 
sun, 0-5), and signs and symptoms of emerald ash borer attack (bark splits, exit holes, 
and wood pecker activity (Table 1.1). Emerald ash borer adults were lab reared from 
field harvested logs from Allen County, IN, and Shiawassee County, MI. Logs were placed 
in rearing barrels at 25 °C ± 5 and emerged adults were collected. 
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A choice experiment was conducted in the lab with mature, fully expanded green 
ash leaves that were collected from the selected field trees. Emerald ash borer adults 
were paired as F:F (n = 7), F:M (n = 14), and M:M (n = 8) pairs. Leaf petioles were 
inserted into plastic vials with water to prevent desiccation and leaves were exposed to 
adults in cages with a 16:8 light:dark cycle at 25 °C ± 5. Leaf area was measured pre- and 
post-exposure to emerald ash borer and were replaced every 1-2 days. When beetles 
died during the experiment they were removed and replaced by live beetles. Dead 
beetles were frozen until the conclusion of the experiment, and then, dried to a 
constant weight at 50 °C, and dry body mass was recorded. 
 T- tests were used to test for differences in tree DBH and percent dieback. 
Mood’s median tests were conducted to test for independence of low tolerance and 
high tolerance tree vigor and crown light exposures above and below the sample 
population median. In addition, signs and symptoms of attack were counted for each 
tree. These findings will support the placement of the chosen trees in their specified 
categories of high tolerance or low tolerance.  T-tests were used to compare female 
body mass means between F:F and F:M pairs, as well as to compare male body mass 
means between M:M and F:M pairs. Correlation was used to compare total amount of 
leaf area consumed with the mass of the emerald ash borer adults. Selection coefficient 
(modified from Chesson (1978)) was used to determine, how much of high tolerance 
leaf area consumed over total consumed leaf area between the feeding pairs (selection 
coefficient of 1 is exclusive feeding on high tolerance leaf area, 0 is exclusive feeding on 
low tolerance leaf area, and 0.5 is equal feeding) and compared using analysis of 
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variance (ANOVA). Data was pooled across feeding pair treatments and mean leaf area 
from each tree type consumed each day was calculated and a t-test was used to 
compare low tolerant and high tolerant trees. 
 
Results 
 Mean DBH was not significantly different between trees categorized as low 
tolerance and high tolerance (Table 1.2). Also, crown light exposures above and below 
the median were independent of the tree health category (Table 1.2). Percent dieback 
was different between health categories, with low tolerant trees having significantly 
more dieback than high tolerance trees (Table 1.2). Vigor ratings above and below the 
median were not independent of the tree health category, with low tolerance trees 
having vigor ratings above the median (Table 1.2). Dieback and vigor results were 
expected due to these health variables defining the categories. All trees had signs and 
symptoms of emerald ash borer attack (Table 1.3).  
Female mean body mass was significantly greater in F:M pairs than in F:F pairs 
(Figure 1.1). Additionally, male mean body mass was significantly greater in F:M pairs 
than in M:M pairs (Figure 1.1). Females had a significantly greater body mass compared 
to males (Figure 1.2). There was no correlation between the total amount of leaf area 
consumed when compared with emerald ash borer mass (Figure 1.3). The selection 
coefficient of leaf area consumed (high tolerance leaf area/ total leaf area) between 
mating pair treatments was not significantly different (Figure 1.4). There was a trend of 
feeding more on low tolerance leaves over high tolerance leaves since the error bars 
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had a trend below equal feeding (0.5) and more towards low tolerance foliar feeding (0). 
When data from feeding pair treatments were pooled, there was a significant difference 
between low tolerance and high tolerance ash foliage (Figure 1.5), with more low 
tolerance ash leaves being fed on than high tolerance. M:M, F:M, and F:F pairs all 
consumed a greater percent of low tolerance leaf area as part of the total leaf area 
consumed (Figure 1.6a-1.6c). Approximately 65% of total leaf area consumed was low 
tolerance ash foliage while the remaining 35% of total leaf area consumed was high 
tolerance ash foliage (Figure 1.6d). 
 
Discussion 
Emerald ash borer has cause significant levels of ash mortality throughout its 
introduced range (Poland, 2007). Even with this high level of mortality, some trees have 
survived years of repeated attack (Marshall et al., 2013b). Trees that were selected fit 
well into their defined categories whether that was low tolerance or high tolerance. 
There was no difference in size and growing conditions (i.e. DBH and crown light 
exposure). Overall, females had greater mean body mass than males, as would be 
expected. Sexual dimorphism occurs in several Agrilus species, including emerald ash 
borer (Teder and Tammaru, 2005; Jendek and Grebennikov, 2009; Marshall et al., 
2013a). The F:M pairs had likely formed gametes while they were paired due to 
exposure of the opposite sex. This increased mass would be linked to increased feeding 
on a leaf that was from the most suitable, low tolerance, tree. Female beetles that are 
gravid with eggs tend to weigh more than ones that do not (Stillwell et al., 2007; 
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Marshall et al., 2013a). The only time that the females produce eggs is when they are 
constantly exposed to males. For insects, when males are exposed to females, the 
spermatophore tends to gain more mass (Hayashi, 1993). The more males exposed to 
the females for longer periods of time, the more likely the female will be successfully 
mated and then will produce eggs.  Female beetles also weigh more since emerald ash 
borer has sexual dimorphism where female beetles will be larger than male beetles. 
Despite geographical differences, female beetles have more mass than the males 
(Stillwell et al., 2007; Marshall et al., 2013a). The females tend to be more sensitive to 
environmental and geographical differences than male, which influences their size 
more, making them heavier and larger. Sexes and mating pairs did not have significantly 
different intensities of preference. Trends did occur, but they were not strong enough. 
When the sexes and mating pairs were pooled, they consumed more leaf area from low 
tolerant trees over tolerant trees. 
 Results suggest that emerald ash borer adults feed preferentially on low 
tolerance trees over high tolerance trees. Trees with more dieback and higher vigor 
ratings may be more suitable hosts for emerald ash borer. Mechanisms in the tree may 
deter or attract the beetles. Agrawal (2005) found that if a plant was fed on earlier in 
the season, the plant would improve its defenses to prevent insect feeding damage later 
on into the season. The plants could also improve physically by adding more hazardous 
structures or chemicals exteriorly to the leaf to create a barrier in order to protect itself 
from insect feeding (Agrawal, 2005). These barriers help toughen the leaf and make it 
harder to be fed upon. The chemical or structure of the leaf may influence the 
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preference of emerald ash borer maturation feeding and could alter oviposition 
behavior, but more study needs to be done. Healthy high tolerant trees may have a 
better ability of reconnecting phloem, which can slow down and hinder larval 
development (Marshall et al., 2013b). Bark roughness could also alter oviposition 
behavior since smooth bark has no safe places for emerald ash borer to oviposit eggs 
while rough bark has deep crevices that can protect emerald ash borer eggs making 
them more susceptible for attack. Trees that have an ability to hinder or slow emerald 
ash borer attack may have a better leaf structure and more available defensive 
chemicals within the leaves. When a tree is under intense attack, the larvae feed on the 
phloem girdling the tree which will disrupt the transport of sugars from the leaves to the 
roots of the tree, and vise versa during spring flush (Chen and Poland, 2009). When the 
tree loses its leaves in the fall, it will form overwintering buds from the stored sugars in 
the roots, but if transportation is disrupted, there will not be a reduction in available 
sugar (ODNR: Ohio State Parks, 2013). Low tolerance trees tend to have less sugar 
available to develop overwintering buds that become leaves over the course of the 
spring, which may result in leaves with reduced structural and chemical defenses (Chen 
and Poland, 2009). Preferential feeding on low tolerant trees by emerald ash borer 
adults may lead to host suitability raising the question: does feeding more on the leaves 
of a less tolerant tree signify it as a suitable host for phloem-feeding larvae? 
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Table 1.1. Tree health criteria for categorizing level of tolerance of green ash to emerald 
ash borer attack (modified from Hietala et al. 2012).  
 
Criteria High Tolerance Low Tolerance 
Dieback <30% >25% 
Vigor 1,2 3,4,5 
Signs and Symptoms Yes Yes 
 
Table 1.2. Mean tree DBH and crown assessment comparison between low and high 
tolerant ash. Mean DBH and percent dieback were measured. Tree vigor (1= healthy 
tree and 5= half dead tree) and crown light exposure was a visually observed 
measurement. 
 
 
Table 1.3. Tree counts with signs and symptoms of emerald ash borer attack compared 
between low and high tolerance ash. 
 
Tree Category Number of Trees Bark Splits Exit Holes Wood Pecks 
Low tolerance 4 4 3 4 
High tolerance 3 3 2 2 
  
Health 
Category DBH (cm) Dieback (%) Vigor 
Crown Light 
Exposure 
Low Tolerance  37.0 ± 
19.4  
63.8 ± 11.1  5  4  
High Tolerance  24.8 ± 1.0  5.0 ± 0.0  1  4  
 t
(2),5
 = 1.06 
P = 0.337  
t
(2),5
 = 8.96 
P < 0.001  
X
2
1
 = 7.00 
P = 0.008  
X
2
1
 = 2.10 
P = 0.147  
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Figure 1.1. Mean body mass of sexes within pair treatments. Asterisks (*) indicate 
significant differences between the comparisons of the different mating pairs.  
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Figure 1.2. Mean body mass of female and male emerald ash borer adults. 
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Figure 1.3. Correlation of total leaf area consumed compared with emerald ash borer 
pair mass. 
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Figure 1.4. Selection coefficient of the amount high tolerant leaf area consumed over 
total amount of leaf area consumed compared with emerald ash borer adult feeding 
pairs. (1= exclusive feeding on high tolerance leaves, 0= exclusive feeding on low 
tolerance leaves, 0.5= equal feeding).  
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Figure 1.5. Mean leaf area consumed per day pooled across adult emerald ash borer 
pairs. 
  
33 
 
 
Figure 1.6. Percent of total leaf area consumed for adult emerald ash borer (A) F:F pairs, 
(B) F:M pairs, (C) M:M pairs, and (D) pooled across pairs. 
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DEVELOPMENT AND INITIAL ASSESSMENT OF MUNICIPAL ASH MANAGEMENT DECISION 
MODELS 
 
Introduction 
 Emerald ash borer infestations continue to grow and new populations continue 
to be identified, with new US states and Canadian provinces added to the general 
infestation zone (USDA United States Department of Agriculture Forest Service, 2013). 
While some trees appear to survive attack, this proportion remains small with the 
majority of ash declining and eventually succumbing to emerald ash borer attack 
(Poland, 2007; Kovacs et al., 2010; Marshall et al. 2013). Ash tree mortality has a large 
impact on street tree and park tree management, with millions of dollars invested in 
tree removals (Poland and McCullough, 2006; Stockman, 2013)). 
Emerald ash borer attacks can be identified by observing a tree that has 
definitive signs and symptoms (Poland, 2007).  Many times before signs and symptoms 
become apparent, the tree is already heavily infested (Poland and McCullough, 2006; 
Kovacs et al., 2010).  Detection strategies have been deployed in an effort to locate 
emerald ash borer populations, especially at low densities, which include girdled trap 
tree and prism traps (Poland, 2007; Crook et al., 2008; Marshall et al., 2009, 2010). Once 
detected, emerald ash borer management methods have been implemented, but many 
of them have been labor intensive, costly, and some strategies had also altered the 
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landscape (Poland, 2007). For example, the eradication of all ash trees around infested 
zones in Michigan, Ohio, and Indiana was a labor intense and costly failed attempt at 
limiting the movement of emerald ash borer. This same strategy was implemented in 
Maryland, around an infested green house with the same failed results (Bean, 2004).  
Less intrusive management methods have been attempted in several locales and 
include the use of insecticides, parasitoids, and heat treating logs to help cut costs can 
limit the spread of emerald ash borer (Poland, 2007; Taylor et al., 2012; Yang et al., 
2008; U.S. Dept. of Agriculture and Forest Service, 2008; Nzokou et al., 2008). 
Imidacloprid is one insecticide that is affective for emerald ash borer prevention and is a 
systemic insecticide that is injected in to the soil, trunk, or poured as a soil drench (U.S. 
Dept. of Agriculture and Forest Service, 2008). Other insecticides have been used as 
topical sprays on the main stem, branches, and foliage. Ash wood could be also treated 
with chemicals, but due to environmental risks other ways have been found (Nzokou et 
al., 2008). Kiln treating ash logs provides even heating and results in no survival of 
emerald ash borer at high temperatures.  Spathius agrili is a parasitic wasp with high 
specificity for emerald ash borer, uses ash volatile chemicals for locating its host (Yang 
et al., 2008). 
The above mentioned emerald ash borer control techniques are localized in scale 
(i.e. protecting a single tree or single wood product) or severely limited in effectiveness 
for a large area (i.e. parasitoid release). Because of these limitations, not all trees can be 
saved and many need to be removed and replaced, which is necessary in public areas 
associated with streets and parks ash (Kovacs et al., 2010). Removal itself can be costly, 
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for example the removal of ash across the US would be $20-$60 billion without 
replacement (Poland and McCullough, 2006). In Fort Wayne, Indiana, the city has spent 
almost $3 million dollars removing trees, which is without replacement (Stockman, 
2013). Limitations in city and park budgets make the cost of removal and replacement a 
potential barrier. Cost effective measures may need to be in place in order to help 
regulate expenses for a city like Fort Wayne.  
Forest structure and function is impacted when ash trees succumb to emerald 
ash borer attacks. Ash is important for wildlife cover and food (Poland and McCullough, 
2006).  Emerald ash borer has threatened all North American ash species and if these 
are locally or regionally extirpated, forests may potentially be vulnerable to invasion by 
other species due to the decreased structural and species diversity within the forest 
community (Groom et al., 2006). Different species of ash grow in different 
environments; black ash grows mostly in poorly drained areas, green ash grows in more 
wet, lowland soils and are dominant trees in a mixed forest type and are widely 
abundant, and white ash grows in more upland areas in mixed forest types and are not 
as abundant (Eyre, 1980; Poland and McCullough, 2006). The loss of ash can alter 
hydrology in low swampy areas moreover changes in the seed bank due to the loss of 
ash allowing other plants to grow first (Kashian and Witter, 2011; Palik et al., 2012). 
Decision models are useful because of their ability to handle non linear 
relationships, allow missing values, and ability to handle both numeric and categorical 
inputs of data naturally (Friedl and Brodley, 1997). They provide a simple and straight-
forward platform for representing long-term strategies that include options that are 
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available now, future uncertainties, and future available options (Hartke, 2013). 
Decision models have been used in forestry for classifying land cover types and to 
determine the distribution of vegetation after a catastrophic event (Moore et al., 1991; 
Friedl and Brodley, 1997). In heavily infested areas, tree assessment is one technique to 
detect emerald ash borer infestation, with a focus on the signs and symptoms of attack 
(Poland and McCullough, 2006; Poland, 2007). Signs of emerald ash borer attack include 
bark splits, exit holes, and wood pecker activity. Symptoms of emerald ash borer attack 
include decreases in vigor (i.e. overall health) and crown dieback.  These signs and 
symptoms could help build a management decision model to predict the mortality of 
the trees. The objectives of this study were to use multi-year data collected in Huron-
Clinton Metroparks, Michigan, to develop management decision models related to 
potential survival and mortality of ash. Effective decision models will provide a tool for 
city and park managers to develop prioritized removal and replacement strategies to 
minimize management cost. 
 
Methods 
 
Decision Model Development 
Ash was identified at five Huron-Clinton Metroparks in Detroit, Michigan (2009-
2012). Trees were measured for diameter breast height and assessed for signs and 
symptoms of emerald ash borer attacks. Tree health variables were also assessed for 
vigor, crown light exposure, crown position, percent crown dieback, and bark 
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roughness. Vigor was measured to determine as an overall assessment of tree health 
(range 1-6; Table 2.1). Crown light exposure was measured as the number of crown 
sides receiving direct sunlight (range 0-5; Table 2.2).  Crown position was also measured 
as the location of the crown within the surrounding canopy (range 1-5; Table 2.3). 
Percent crown dieback was measured by estimating the percent of dead branch tips 
found on the outer edge of the live crown (range 5-100%, 5% intervals). Bark roughness 
was categorized according to Marshall et al. (2013b) at breast height (range 1-5, 1 = 
smooth bark, 5 = rough bark; Figure 2.1). The bark on the trunk was assessed for signs 
and symptoms of emerald ash borer attack including D-shaped exit holes, bark splits, 
and wood pecker activity. Threshold values were identified through observations from 
annual assessments. The threshold values were determined based on an observed 
threshold point where a tree went from growing vigorously to beginning to decline. 
Threshold values were identified for bark roughness (2) (probability of mortality 
increased after bark roughness value of 2 (Figure 2.1)), percent dieback (25%), and vigor 
(2) (accounts for approximately 20% of trees above the threshold after vigor value of 2) 
(Marshall et al., 2013b). 
The management model development began with chi-squared analyses to test 
health variables (percent dieback and vigor) and signs/symptoms (wood pecker activity, 
exit holes, and bark splits) of emerald ash borer attack were independent of mortality 
the following growing season using data collected from the Huron-Clinton Metropark 
trees. Crown health variables (vigor, crown light exposure, dieback, and position) and 
signs and symptoms that were not independent of mortality the following growing 
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season were included in decision models to establish hierarchical categories predicting 
tree mortality within the next 3 years and survival beyond 3 years. Mortality time line of 
three to five years is typical for ash undergoing emerald ash borer attacks. I drew the 
chosen variables into a model that predicted mortality or survival. A decision branch 
was created on either side of a variable. One for yes the variable was present on a set of 
trees and one for no the variable was not present on a set trees. Each yes or no branch 
would have trees (that did or did not have the variable) that had survived greater than 
or equal to three years or had died within less than three years. Using a threshold of 
80%, where 80% of the trees had survived or reached mortality within three years, a 
final decision of survival/mortality was reached for a branch within a decision model. If 
the threshold is not reached, more variables are added with branches that question if a 
tree has both sets of variables or not and if the tree will survive or die. Continuation of 
the model will occur until the threshold of 80% is reached or there are no more 
variables to add. 
 
Initial Decision Model Assessment 
Data from Fort Wayne, Indiana Parks trees from 2011-2013 were used to test the 
effectiveness of the model predictions. Akaike information criterion (AIC) was used to 
compare the subsequent models and prediction efficacy (Sokal and Rohlf, 2012). The 
relative fit of the resulting decision models was assessed in relation to the binomial 
likelihood function (Sokal and Rohlf, 2012). I tested the models by using assessment 
data from Fort Wayne parks from 2011 to predict whether the trees would survive or 
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die according to each model. These predictions were compared to the survival of the 
trees during 2012 and 2013 to test if the models correctly predicted survival.  
 
Results 
 
Decision Model Development 
A total of 203 trees were assessed in 2009 at the Huron-Clinton Metroparks 
(Table 2.4 and 2.5). Of those 203 trees most had a bark roughness value, percent 
dieback and/or a vigor value that was less than or equal to the threshold value (bark 
roughness: 66.5% (135), dieback: 81.8% (166), and vigor: 84.7% (172)) (Table 2.4). Most 
of the 203 trees did not have observed exit holes and/or wood pecker activity 
((observed with sign) exit holes: 28.6% (58) and wood pecker activity: 33.0% (67), but 
most trees did have bark splits ((observed with sign) bark splits: 61.6% (125)) (Table 2.5). 
This data illustrates that the 203 trees that were assessed in 2009 had signs or 
symptoms of emerald ash borer attack. 
From those 203 trees, 11 were dead in 2010, additional 33 trees died in 2011, 
and then an additional 8 trees died in 2012. By qualitatively comparing chi-squared test 
statistic values, I selected the variables with the consistently greatest test statistic values 
as starting points for developing the decision model (Table 2.6). From 2009-2010, 2010-
2011, 2011-2012, and 2009-2012 comparisons, dieback was not independent from 
mortality for all the comparisons and had the highest average chi squared-values 
resulting in it being the first variable selected for model development. Vigor was not 
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independent from mortality for the 2010-2011 and 2009-2012 comparisons only, but it 
had the second highest average chi-squared values making it the second variable. Wood 
pecker activity was not independent from mortality for 2001-2010, 2010-2011, and 
2009-2012 only and had the third highest average chi-squared values making it the third 
variable selected. Bark splits was not independent from mortality for all the 
comparisons and had the second lowest average chi spared values making it the last 
possible variable selected for subsequent decision models. While exit holes were 
excluded as a variable because it had the lowest average chi-squared value, it was not 
independent from mortality for 2010-2011, 2011-2012, and 2009-2012.  
Using dieback, vigor, wood pecker activity, and bark splits as initial decision 
points, 7 models were developed to predict tree survival and mortality at a 3 year time 
point (Figures 2.2-2.8). For example, in Model C (Figure 2.4) at the initial decision point, 
88.97% of trees without wood pecker activity survived for more than 3 years, ending 
that decision path. However, at the initial decision point in Model C, 56.71% of trees 
with wood pecker activity survived, failing to cross the 80% threshold, and resulting in 
additional decision branches along the path. Some models like Model G (Figure 2.8) did 
not have any decision points that ended in mortality, even though 52 trees died during 
the course of the study, making it an unusable model. The decision models assisted in 
identifying patterns in signs and symptoms and probable mortality or survival.  
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Decision Model Assessment 
 Models E and F had the lowest AIC values identifying them as the best models 
for predicting mortality in the current developmental stage of the analysis (Table 2.7). 
However, these two models were successful in predicting mortality only about 54% of 
the time. Over 90% of the failed predictions for both of these models occurred in trees 
predicted to survive but in reality died. Because the model assessments utilized two 
years of mortality data (2012 and 2013), this is only an initial testing of the models. A 
third year of mortality data would be needed to complete prediction assessments, but 
this two year data set has provided a starting point to identify two models that may 
correctly predict mortality. 
 
Discussion 
 Most trees at the Huron-Clinton Metroparks had signs and symptoms of emerald 
ash borer attack. Despite this, trees still died from year to year since some trees are 
more susceptible to emerald ash borer attack than others (Marshall et al., 2013b). 
Mortality of these trees in Huron-Clinton Metroparks was necessary for development of 
the management decision models. The signs and symptoms that were chosen to be 
variables for the models were those that had the highest chi squared values and initially 
appeared to have a strong relationship with subsequent mortality or survival. Even 
though models were separated as good fitting using AIC, those same models had limited 
effectiveness in predicting mortality. 
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 As a phloem feeding pest, emerald ash borer disrupts nutrient transport within 
the tree (Muirhead et al., 2006). Vigor and dieback may have the strongest relationships 
with mortality because they indicate how effective trees are at moving internal 
resources (Poland, 2007). A tree that has a high dieback percentage and a high vigor 
rating (i.e. low health) has not been efficient in moving internal resources due to 
phloem consumption by emerald ash borer (Poland, 2007; Poland and McCullough, 
2006). Without root storage of sugars and subsequent translocation of those sugars, the 
tree will likely display decreasing overall health and increasing dieback and eventually 
succumb to emerald ash borer attack (Poland and McCullough, 2006). Results suggest 
that trees with the highest percent dieback and vigor rating should be one of the first 
trees removed.  
Vigor and dieback may help predict future ash mortality. However, these models 
may need substantial modification and fine-tuning in order to increase the successful 
prediction of mortality. The current low level of effectiveness of the model makes it an 
unusable management tool currently.  An additional year of survival/mortality data for 
the Fort Wayne Parks will likely provide a better test data set. Even with this additional 
year of mortality data, other variables need to be incorporated into the models to 
improve effectiveness (i.e. relative growth rates, biomass accumulation, and pre-
emerald ash borer infestation). Using a computerized tool like the “Precision Tree” from 
Palisade (2013a) Corporation would help quickly create more efficient models with 
better predictive power in the future. “Precision Tree” uses decisions and chance events 
to build a model that begins from the left as a root and branches out to the right. 
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Decisions, chance events, and end results are nodes that are attached to the branches 
and help create decision paths or ending points. “Precision Tree” also creates a full 
statistical report on the best decision to make and the alternative decisions. These 
decision tools like “Precision Tree” have been used to help predict when to evacuate an 
island when a volcano is about to erupt and also to predict the availability of water to 
low-prioritized farm land (after higher prioritized areas get water) in central Texas 
(Palisade, 2013b; Palisade, 2013c). Computerized decision trees are great for contingent 
strategies, for example, a lawsuit against Texaco by Pennzoil (over a company buy out) 
leads to great financial dispute in court (Palisade, 2013d). Pennzoil wants a certain 
amount from Texaco, but Texaco continues to appeal the case for lower amounts. 
Texaco offers Pennzoil $2 billion to settle, but Pennzoil wants about $3 billion over the 
settlement amount being offered by Texaco. Pennzoil can create a contingent strategy 
with a decision tree to see if it is best to take Texaco up on their offer or fight for the 
higher amount. Computerized decision trees could also be used, in meteorology, to 
predict when a severe thunderstorm will hit by using atmospheric observations 
(Quinlan, 1986). Decision trees are useful methods when they have a good predictive 
power. The management decision models will be improved after having some addition 
of tree growth variables, other symptoms of emerald ash borer attack, and using a 
computerized tool for developing models like “Precision Tree”  
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Table 2.1. Vigor condition codes and criteria. 
 
Code Criteria 
1 Crown with relatively few dead twigs; foliage density and color normal; 
occasional small dead branches in upper crown; occasional large branch 
stubs on upper bole 
 
2 Crown with occasional large dead branch in upper portion; foliage density 
below normal; some small dead twigs at top of crown; occasional large 
branch stubs on upper bole 
 
3 Crown with moderate dieback; several large dead branches in upper 
crown; barge twigs beginning to show; several branch stubs on upper and 
mid bole 
 
4 Approximately half of crown dead 
5 Over half of crown dead 
6 Tree dead; not cut, standing with fine twigs (less than 2.54 cm (1 in) in 
diameter) attached to branches 
 
Table 2.2. Crown light exposure codes and criteria. 
 
Code Criteria 
0 Tree receives no full light because it is shaded by trees, vines, or other 
vegetation; tree has no crown by definition 
 
1 The tree receives full light from the top or 1 side 
2 The tree receives full light from the top and 1 side (or 2 sides without the 
top)  
3 The tree receives full light from the top and 2 sides (or 3 sides without the 
top) 
4 The tree receives full light from the top and 3 sides 
5 The tree receives full light from the top and 4 sides  
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Table 2.3. Crown position in surrounding canopy codes and criteria. 
 
Code Criteria 
1 Open grown trees – trees with crowns that receive full light from above 
and from all sides throughout most of their life, particularly during their 
early development period 
 
2 Dominant – trees with crown extending above the general level of the 
crown canopy and receiving full light from above and partly from the 
sides. These trees are taller than the average trees in the stand and their 
crowns are well developed, but they could be somewhat crowed on the 
sides. Also, trees whose crowns have received full light from above and 
from all sides during early development and most of their life. Their crown 
from or shape appears to be free of influence from neighboring trees. 
 
3 Co-dominant – trees with crowns at the general level of the canopy. 
Crowns receive full light from above but little direct sunlight penetrates 
their sides. Usually they have medium-sized crowns and are somewhat 
crowed from the sides. In stagnated stands, co-dominant trees have 
small-sized crowns and are crowed on the sides. 
 
4 Intermediate – trees that are shorter than dominants and co-dominant, 
but their crowns extend into the canopy of co-dominant and dominant 
trees. They receive little direct light from above and none from the sides. 
As a result, intermediate trees usually have small crowns and are very 
crowded from the sides. 
 
5 Overtopped – trees with crowns entirely below the general level of the 
crown canopy that receive no direct sunlight either from above or the 
sides 
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Table 2.4. Percent and count of trees > and ≤ threshold bark roughness, threshold vigor, 
and threshold dieback values for Huron-Clinton Metroparks (2009).  
 
Assessment Tool (Value) Percent (Count) > Threshold Percent (Count) ≤ 
Threshold 
Bark roughness (2) 33.5% (68) 66.5% (135) 
Dieback (25%) 18.2% (37) 81.8% (166) 
Vigor (2) 15.3% (31) 84.7% (172) 
 
Table 2.5. Percent and count of trees with and without signs of emerald ash borer 
infestation for Huron-Clinton Metroparks (2009).  
 
Sign Percent (Count) with Sign Percent (Count) 
without Sign 
Bark Splits 61.6% (125) 38.4% (78) 
Exit Holes 28.6% (58) 71.4% (145) 
Wood Pecker Activity 33.0% (67) 67.0% (136) 
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Table 2.6. Chi-squared test for independence of emerald ash borer signs/symptoms 
(bark splits, exit holes, wood pecker activity) and crown health assessment variables 
(bark roughness, dieback, vigor) and tree mortality the following growing season for ash 
in Huron-Clinton Metroparks. Chi-squared value presented above P-value. Shaded boxes 
indicate significant chi-squared test. 
 
 Assessment Year (Mortality Year) 
 
Variable 2009 (2010) 2010 (2011) 2011 (2012) 2009 (<3 
years) 
Bark 
Roughness 
3.54 
0.472 
8.99  
0.061 
3.04  
0.550 
10.70  
0.030 
 
Bark Splits 4.23 
0.040 
15.40 
< 0.001 
0.969  
0.325 
20.429 
< 0.001 
 
 Dieback 25.52 
< 0.001 
46.87 
< 0.001 
15.63 
0.016 
43.13 
< 0.001 
 
Exit Holes 1.62 
0.202 
7.72 
0.005 
4.62 
0.032 
10.10 
0.001 
 
Vigor 7.85 
0.097 
35.41 
< 0.001 
7.76 
0.101 
36.54 
< 0.001 
 
Wood Pecker 
Activity 
4.94 
0.026 
16.24 
< 0.001 
2.50 
0.114 
20.432 
< 0.001 
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Table 2.7. Akaike information criterion (AIC) values of the six models tested with 
assessed trees from Fort Wayne parks, including successful prediction rates for live and 
dead trees.  
 
Model 
Code Order of Variables 
Percent Correct 
Live / Dead AIC 
A Bark Splits > Wood Pecker > Dieback > Vigor 31.52% 12.83 
B Dieback > Wood Pecker > Bark Splits > Vigor 32.61% 12.85 
C Wood Pecker > Dieback > Vigor > Bark Splits 19.57% 12.52 
D Vigor > Bark Splits > Dieback 45.65% 10.97 
E Dieback > Vigor 53.26% 8.97 
F Vigor > Dieback 55.43% 8.97 
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Figure 2.6. Decision model E following path dieback > vigor. 
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Figure 2.7. Decision model F following path vigor > dieback. 
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CONCLUSIONS 
 
 There was a feeding preference that could be identified with the results of the 
feeding study. Figure 1.4 showed the trend of feeding towards low tolerant foliar 
feeding despite having no significant difference between the feeding pairs. Figure 1.5 
had data pooled for low tolerant and high tolerant foliage, which showed that there was 
significantly more low tolerant foliage being fed on over the high tolerant foliage. Figure 
1.6a-d results displayed the total amount of leaf area being fed on the most was the low 
tolerant leaf area between feeding pairs and pooled emerald ash borer adults. The 
results indicate that tolerant trees receive less foliar feeding than compared to low 
tolerant trees, but figure 1.4 showed that there was no significant difference in adult 
male and female feeding preferences. The results of the emerald ash borer adult 
feeding study demonstrate that tree health influences adult feeding behavior on foliage 
when presented with a choice. A no-choice study would provide a clearer understanding 
of the limitations emerald ash borer has in feeding on only low or high tolerance trees. 
Additional research is also needed to identify the host foliage characteristics that 
influence emerald ash borer feeding preferences, namely chemical and/or structural 
differences of leaves from low tolerant and high tolerant trees. These differences may 
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influence, not only the preference of emerald ash borer maturation feeding, but also 
oviposition behavior.  
Management decision models were developed related to potential survival and 
mortality of ash (Table 2.6 and Figures 2.2-2.8), but the management decision models 
were not effective tool for city managers to use. Table 2.7 displays the AIC values for 
each model and the best model was vigor> dieback with a predictive power of 
approximately 55%, which means that it is not an effective tool for predicting mortality. 
More models with a higher predictive power need to be created in order to have 
effective methods for cost effective tree removal for city managers to use. Additional 
work is necessary in improving the hierarchy of the variables in potential decision 
models. Modifying and fine tuning the models in order to make them more successful 
predictors of mortality will improve their usefulness as management tools. First, an 
additional year of Fort Wayne data will help complete the testing of models that were 
presented in the decision model study. Next, other variables should be added to the 
models in order to modify and fine tune the management decision model (i.e. relative 
growth rates, biomass accumulation pre-emerald ash borer infestation). These growth 
variables will help clarify the importance of pre-attack vigor and growth in relation to 
post-attack survival. With these new variables, a new hierarchy with more complex 
decision paths can be created and it may increase the likelihood of models correctly 
predicting mortality. As mentioned in the above paragraphs without increasing the 
model effectiveness, a usable management technique doesn’t exist.  The use of 
computerized models like “Precision Tree” will help improve the predictive power of the 
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models by helping speed up the process of creating and finding good models. In the 
future better models will be created with more detail and better predictive power so 
that they can be used by city managers in a field setting. 
 These future studies will help build on the experiments performed here and 
create a better understanding of how emerald ash borer live, feed, reproduce, and 
function within natural and urban forests. How city managers handle the growing 
problem of dead ash trees could be improved by using a functioning tool with a better 
likelihood of correctly predicting mortality. 
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